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The Toarcian Oceanic Anoxic Event (OAE) in the Early Jurassic (∼183Ma ago) was characterized by widespread near-synchronous
deposition of organic-rich shales in marine settings, as well as perturbations to several isotopic systems. Characteristically, two positive
carbon-isotope excursions in a range of materials are separated by an abrupt negative shift. Carbon-isotope profiles from Toarcian fossil
wood collected in England and Denmark have previously been shown to exhibit this large drop (∼ −7‰) in δ13C values, interpreted as
due to an injection of isotopically light CO2 into the ocean–atmosphere system. However, the global nature of this excursion has been
challenged on the basis of carbon-isotope data from nektonic marinemolluscs (belemnites), which exhibit heavier than expected carbon-
isotope values. Here we present new data, principally from fossil wood and bulk carbonate collected at centimetre scale from a
hemipelagic section at Peniche, coastal Portugal. This section is low in organic carbon (average TOC=∼0.5%), and the samples should
not have suffered significant diagenetic contamination by organic carbon of marine origin. The carbon-isotope profile based on wood
shows two positive excursions separated by a large and abrupt negative excursion, which parallels exactly the profile based on bulk
carbonate samples from the same section, albeit with approximately twice the amplitude (∼ −8‰ in wood versus ∼ −3.5‰ in
carbonate). These data indicate that the negative carbon-isotope excursion affected the atmosphere and, by implication, the global ocean
as well. The difference in amplitude between terrestrial organic and marine carbonate curves can be explained by greater water
availability in the terrestrial environment during the negative excursion, for which there is independent evidence from marine osmium-
isotope records and, plausibly, changes in atmospheric CO2 content, for which independent evidence is also available. The Peniche
succession is also notable for the occurrence of re-deposited sediments: their lowest occurrence coincides with the base of the negative
excursion and their highest occurrence coincideswith its top. Thus, slope instability and sediment supply could have been strongly linked
to the global environmental perturbation, an association that may misleadingly simulate the effects of sea-level fall.
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Records of the Toarcian Oceanic Anoxic Event (OAE)
in the Early Jurassic show an unusually large negative
carbon-isotope shift separated by two positive excursions,
these latter conventionally interpreted as due to acceler-
ated sequestration of marine organic matter from the
global ocean [1–3]; Figs. 1 and 2. The excursions are
prominently recorded in diverse materials, including
marine carbonates, marine organic matter, and terrestrial
organic matter. Originally, the negative excursion was
interpreted as a consequence of upwelling of poorly
oxygenatedmarine bottomwaters enriched in isotopically
light dissolved inorganic carbon, and the light isotopic
character of co-occurring fossil wood was interpreted as a
manifestation of diagenetic overprint by hydrocarbons of
marine origin [4]. A subsequent study suggested that the
negative excursion in organic-rich carbonate sedimentary
rocks was a diagenetic artefact [5].
However, evidence that the δ13C values in fossil
wood were primary, and therefore a true reflection of
changes in the carbon-isotope character of atmospheric
carbon dioxide, led to the interpretation that the negativeFig. 1. (A) Schematic stratigraphic table for the Early Toarcian showing the re
Carinolithus superbus nannofossil Zone, and the lithological and isotopic
boundaries. Diachroneity of the OAE is more apparent than real and cause
biozones at different locations [28]. (B) Palaeogeography and location maps
(Denmark); 4=Mochras (Wales); 5=Dotternhausen (Germany). Dark shadinexcursion was characteristic of the global shallow-
ocean/biosphere/atmosphere carbon reservoir [6]. The
excursion assumes particular significance because it has
been suggested to result from a rapid and massive
injection of isotopically light carbon into this reservoir
from some ‘external’ source, such as oceanic gas
hydrate or thermally metamorphosed sedimentary
organic matter, possibly in a series of pulses [6–9], an
environmental perturbation that affected the Earth
system over a timescale variously estimated as between
∼200 k.y. and ∼1 m.y. ([9,10]).
Substantial evidence for a major disturbance in the
Earth's environmental systems during the OAE (coin-
cident with the negative carbon-isotope excursion) comes
additionally from the seawater strontium- and osmium-
isotope records (Fig. 2), which exhibit abrupt changes
toward more radiogenic values, interpreted as resulting
from huge increases in fluxes of these elements from
enhanced continental weathering [11]. Relatively low δ18O
values and relatively high Mg/Ca ratios from belemnite
rostra from European localities are interpreted as a com-
bination of raised palaeotemperature and of freshwater
influence on seawater isotopic composition [8,10,12–14].lationships between ammonite zones in NWand S Europe [28,30], the
expression of the OAE [27,34,35,84]. Dashed lines indicate zonal
d by use of different ammonite taxa to identify the boundaries of the
[85,86]; 1=Peniche (Portugal); 2=Yorkshire (England); 3=Bornholm
g shows focus of organic-rich sediment deposition.
Fig. 2. Carbon-, strontium- and osmium-isotope data from Yorkshire, England. Horizons labelled 1, 2, 3 and 4 represent key levels correlatable on the basis of either ammonite biostratigraphy or
chemostratigraphy between Yorkshire (England) and Peniche (Portugal) (cf. Figs. 3 and 4). Isotope data from [10,11]. Sr-isotope data normalized to a value of 0.710248 for NIST 987.
Lithostratigraphical and biostratigraphical summary from [87].
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458 S.P. Hesselbo et al. / Earth and Planetary Science Letters 253 (2007) 455–470Recently, the global nature of the Toarcian negative
excursion has been challenged by Van de Schootbrugge
et al. [15], on the basis of a compilation of the carbon-
isotope analyses from NWEuropean belemnite rostra. In
short, these authors see no evidence for the negative
carbon-isotope excursion in the low-Mg calcite skele-
tons of the marine nektonic belemnites. They infer that
the belemnites inhabited open oceanic waters character-
ized by dissolved inorganic carbon with ‘normal’
carbon-isotope compositions, and that the belemnites
only later migrated into the shelf locations where they
became fossilized. Thus, Van de Schootbrugge et al. [15]
conclude that the upwelling model, as initially proposed
by Küspert [4], is the more appropriate. If this line of
reasoning were correct, much of the recent apparent
progress in understanding the carbon-cycle processes
during the Toarcian OAE would have been undermined.
The negative carbon-isotope excursion has been
recognized previously in fossil wood from two loca-
tions: Yorkshire, UK, and Bornholm, Denmark [6]. If
belemnites were the most reliable monitors of global
ocean–atmosphere carbon isotope ratios then: a) the
bituminized fossil wood (jet) found in the organic-rich
shallow-marine mudrocks of the Mulgrave Shale,
Yorkshire, UK, would have to be predominantly
composed of marine carbon that replaced or swamped
the terrestrial carbon, and; b) the negative excursion in
coalified and charcoalified wood fragments from the
paralic succession on Bornholm, Denmark, would have
to have been an artefact of undetected changing taxo-
nomic or palaeoenvironmental affinity of the wood
particles, or else the section has been misdated and is a
record of some other event (cf. [16]). On the basis of
hitherto published evidence these alternative explana-
tions are possible, although it should be noted that
parallel trends in marine and terrestrial isotopic signals
have been documented for other major environmental
change events with characteristics in common with the
Toarcian (e.g. the Early Aptian and Cenomanian–
Turonian OAEs [17–20] and the Palaeocene–Eocene
Thermal Maximum [8,21,22]).
In this paper, we present new isotopic data for the
Toarcian OAE based on a collection of wood macro-
fossils, mainly from the Cabo Carvoeiro Formation at
Peniche, Portugal, together with new data from silicified
wood from the Mulgrave Shale, Yorkshire, UK. We also
present a new high-resolution carbonate carbon-isotope
curve for the Peniche section. These datasets are then
interpreted in the context of the current controversy on
the nature and origin of the Early Toarcian negative
carbon-isotope excursion that took place during the
Oceanic Anoxic Event.2. New carbon-isotope data
2.1. Peniche, Portugal
2.1.1. Depositional and stratigraphic setting and
sample characteristics
The Lemede and Cabo Carvoeiro formations ex-
posed in cliffs and foreshore around Peniche, western
Portugal, comprise a Late Pliensbachian to Early
Toarcian, fully marine hemipelagic succession of
coccolith-bearing marls and limestones, deposited on a
NW-facing carbonate ramp in the extensional Lusitanian
Basin [23,24]. The succession is currently the sole
candidate for the Global Stratotype Section and Point
(GSSP) for the base of the Toarcian Stage, and these
strata have a good biostratigraphic record, based mainly
on ammonites [25,26].
Biostratigraphic correlations using ammonites have
proven difficult for the interval of the Toarcian OAE,
particularly with regard to comparisons between S
Europe and the UK area [27,28]. Broadly (Fig. 2), the
polymorphum Zone has been taken as age equivalent
to the tenuicostatum Zone of NW Europe, and of S
Europe; and the overlying levisoni Zone as age
equivalent to the falciferum Zone of NW Europe and
the serpentinum Zone of S Europe [29,30]. In the
Peniche section, the boundary between the polymor-
phum and levisoni Zones is recognized on the basis of
the lowest occurrence of harpoceratid ammonites [25],
and this boundary should be considered as imprecisely
defined.
The record of the OAE, if defined primarily on the
stratigraphic distribution of organic-rich facies and of the
correlative negative carbon-isotope excursion, approx-
imates to the lower part of the falciferum Zone (exaratum
Subzone) in NW Europe. However, in some sections in
Tethyan southern Europe the OAE is expressed only in
strata assigned to the tenuicostatum or polymorphum
zones, i.e. it is below the level expected on the basis of
ammonite biostratigraphy (Fig. 1) [27]. Careful appraisal
of the ammonite biostratigraphy of the region indicates
that the diachroneity of the organic-rich levels is more
apparent than real, due mainly to the use of widely
differing species to characterize the lowest limits of the
zones in question [28]. Quantitative assessment of the
microfossil assemblages largely supports the concept of
synchronous development of the OAE in at least western
Tethyan locations [31]. It has also been recently
suggested that the nannofossil zone of Carinolithus
superbus, referred to as NJ6 [32,33], coincides with the
OAE [34], although this may not be the case for the
Lusitanian Basin [35].
459S.P. Hesselbo et al. / Earth and Planetary Science Letters 253 (2007) 455–470Biostratigraphic correlation with respect to UK
sections based on ammonites is, for the Lemede and
lower part of the Cabo Carvoeiro formations, supported
by Sr-isotope data from belemnites, although the
presently available 87Sr/86Sr data for Portugal have a
relatively large analytical uncertainty [27,36,37]. The
Pliensbachian–Toarcian boundary conveniently coin-
cides with a minimum in the Sr-isotope curve, which was
defined originally for this time interval in the Yorkshire
section of NE England [10,38]. In common with other
Toarcian OAE records, belemnites occur only at very
limited stratigraphic levels in the levisoni Zone of the
Cabo Carvoeiro Formation at Peniche. Strontium-
isotope ratios from the highest belemnite for which we
have data in the polymorphum Zone of the Cabo
Carvoeiro Formation, at a stratigraphic height of 7.4 m
in Fig. 3, suggests a correlation within the exaratum
Subzone of the falciferum Zone in Yorkshire [10,27,38],
but the uncertainty on the measurement permits cor-
relation with horizons in the top of the tenuicostatum
Zone and up to the top of the exaratum Subzone (Fig. 1).
The stratigraphically next youngest belemnite analyzed
for Sr isotopes comes from high in the levisoni Zone, at
35.3 m in Fig. 3, and has a Sr-isotope value that best
correlates with the exaratum–falciferum subzonal
boundary in Yorkshire, but again with an analytical
uncertainty that permits correlation with the middle of
the exaratum Subzone up to the middle of the falciferum
Subzone of the falciferum Zone (Fig. 1).
The Early Toarcian succession at Peniche is predom-
inantly argillaceous at its base but, in contrast to many
marine records over that interval, it is not especially rich
in organic matter, with an average Total Organic Carbon
(TOC) value of ∼0.5% (n=101) for the polymorphum–
levisoni zones, and one 8-cm-thick black shale bed
reaching 2.6% (Fig. 3). Nevertheless, the water column
evidently became dysoxic for a long duration as
evidenced by the succession of crudely laminated and
very weakly bioturbated mudstone that occurs from 21.3
to 26 m in the section (Fig. 3). Additionally, the notable
absence of belemnites in between 11 m and 31 m
(‘belemnite gap’ in Fig. 3) probably indicates unfavour-
able conditions in part of the water column when these
sediments were being deposited.
The sequence at Peniche is also notable for the
common occurrence of re-deposited, mostly siliciclastic
muds and sands that are evident as sharp-based,
lenticular centimetre–decimetre thick beds in the levi-
soni Zone (Fig. 3); these beds are thought to have been
fed by gravity flows from a horst block, the Berlengas–
Farilhões Platform, which lay∼10–15 km to the west in
what is now the North Atlantic [39]. The appearance ofgravity-flow deposits at the polymorphum–levisoni
zonal boundary coincides with an abrupt increase in
the percentage of insoluble residue, reflecting a relative
decrease in carbonate content (Fig. 3).
Some authors have noted the likelihood that a
calcification crisis occurred during the early stages of
the OAE, based both on abundance and size of the
nannofossil genus Schizosphaerella [6,34,40]. Howev-
er, in the case of the Peniche section, the relative
decrease in carbonate likely also results from an increase
in siliciclastic sediment supply; in addition to the
occurrence of coarse clastic sediments in the levisoni
Zone, its thickness here is much greater than the
thickness of the polymorphum Zone. The turbidite at
36.5 m height in Fig. 3 is the highest such unit in the
Early Toarcian succession. The overlying 32 m com-
prise a further succession of hemipelagic sediments
lacking gravity-flow deposits, and these are then
followed, in the Late Toarcian part of the section, by
progressively more proximal carbonate-fan or apron
deposits.
For the present study, we analyzed 136 macroscopic
samples of fossil wood, N2000 hand-drilled samples of
bulk carbonate collected at 2 cm stratigraphic spacing
(1 cm spacing over the critical interval at ∼11 m above
the base of the Toarcian), and 59 belemnites. The wood
fossils showed a variety of preservation modes ranging
from coalified and homogenized pieces to strongly
pyritized and calcitized specimens in which the original
wood structure was well preserved.
2.1.2. Isotopic results
Carbon-isotope data from these samples, expressed
using the standard delta notation, are shown in Fig. 3,
where they are plotted alongside a number of data-
points from belemnites (all data are included in
supplementary data tables). Where multiple wood
samples were obtained from the same horizon, the
difference in δ13C is no greater than ∼2‰, an
observation in accord with other datasets from Jurassic
and Cretaceous material [41–44]. Carbonate carbon-
isotope data from the re-deposited beds or concretionary
limestones have been omitted from the diagram on the
basis that they are likely to represent predominantly
diagenetic carbonate, but they are included and
identified in the supplementary data tables and figure.
Single data-point spikes in the carbonate carbon-isotope
record, which all tend toward median values, are not
reproducible by re-sampling in the field, and likely
reflect incorporation of void-filling early diagenetic
cement into the drilled sample; these have been retained
in Fig. 3.
Fig. 3. The Early Toarcian candidate GSSP section from Ponta do Trovão and Praia do Abalo, Peniche, Portugal. The graphic log and sample heights are based on the section measured only in the cliff
exposures at this locality, and a more detailed log is included as supplementary data. Ammonite biostratigraphy from [25]. (A) Total Organic Carbon (TOC) data from hand specimens; strontium-
isotope data from belemnites [27,36,37]. Sr-isotope data normalized to a value of 0.710250 for NIST 987. (B) Stratigraphic distribution of turbidites and debris flows shown together with insoluble
residue from bulk rock samples. (C) High-resolution carbon-isotope data from bulk sediment, fossil wood, and belemnites [27,36,37]. Horizons labelled 1, 2, 3 and 4 represent key levels correlatable
between Yorkshire (England) and Peniche (Portugal) (cf. Figs. 2 and 4). The single black shale at 21.5 m in the section with a TOC value of 2.6% has a δ13Corg value of −29.5‰.
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461S.P. Hesselbo et al. / Earth and Planetary Science Letters 253 (2007) 455–470The following points are notable about the new
dataset. 1) The carbon-isotope curves for wood and
marine carbonate show a close parallelism through the
whole of the analyzed section. 2) The amplitude of the
isotopic profile for wood is approximately twice that
observed for carbonate. 3) A hitherto unreported, large-
amplitude, negative carbon-isotope excursion occurs in
the carbonates from b1 m above the Pliensbachian–
Toarcian boundary. 4)Above this ‘boundary’ excursion, aFig. 4. New data from a silica nodule in jet, collected at Overdale Wyke, Yor
lithological data at Hawsker Bottoms, Yorkshire, from [6]. Bulk organic carbo
boundary is from [88].Horizons labelled 2, 3 and 4 represent key levels correlatabtrend towards more positive δ13C wood and carbonate
values occurs up through the first ∼5 m of the poly-
morphum Zone, and this trend starts to reverse towards
the top of the zone. 5) There is a marked change to
isotopically very light δ13C values at about the poly-
morphum/levisoni Zone boundary, over an interval of
∼5 cm. This is the same level that belemnites disappear
from the section and is characterized by a concentration in
the shale of the bivalve Entolium. 6) Wood and carbonatekshire, plotted at equivalent horizon against detail of wood isotope and
n-isotope data are from [9]. Position of tenuicostatum–falciferum zonal
le betweenYorkshire (England) andPeniche (Portugal) (cf. Figs. 2 and3).
462 S.P. Hesselbo et al. / Earth and Planetary Science Letters 253 (2007) 455–470carbon-isotope ratios climb to values that are unusually
heavy at the top of the analysed section, the latter
conforming to those recorded in pelagic red limestones of
similar age in Hungary, Italy and Switzerland [5]. 7)
Although some belemnite δ13C values overlap with those
of the coccolith-bearing bulk sediment, many values are
up to 1‰ greater in the macrofossil skeletal carbonate.
We interpret the isotopically light values in the lower
levisoni Zone to represent the negative carbon-isotope
excursion characteristic of the Early Toarcian OAE, and
the relatively heavy values to represent bracketing
positive excursions, as documented elsewhere in Europe
[2,27]. The overall size of the δ13Cwood excursion from
the middle polymorphum Zone to the middle levisoni
Zone at Peniche is about −8‰, which is close to the
value previously reported for the sections in England
and Denmark. The overall size of the carbonate
excursion is about −3.5‰.
Smaller amplitude, higher frequency fluctuations can
be seen in the carbonate carbon-isotope data, (Fig. 3)
and these are reminiscent of, although not identical to,
cycles in the marine organic carbon-isotope record from
Yorkshire, interpreted as Milankovtich cycles at ∼20 k.
y. period [9].
2.2. Yorkshire, UK
2.2.1. Depositional and stratigraphic setting and
sample characteristics
The Mulgrave Shale Formation of Yorkshire, UK, is
a millimetre-laminated black shale, highly enriched in
marine organic matter [1,2,45], and deposited in a
shallow epicontinental seaway that connected the Boreal
and Tethyan Oceans [46]. The environment of deposi-
tion was intermittently euxinic with sulphate reduction
occurring in the photic zone [47–49]. The majority of
fossil wood specimens in the upper Grey Shales and
lower Mulgrave Shale (formerly known as the Jet Rock;
Fig. 1) are preserved as jet, which is a form of wood
whose original woody organic matter has been impreg-
nated by polymeric organic compounds of marine origin
derived from the surrounding shale [50,51]. Some of the
large jet logs in the Mulgrave Shale contain silica
nodules, about 5–10 cm across, which preserve the
original structure of the wood [52]. In the present study,
we have analyzed one nodule that was collected from
48 cm above the top of Bed 33 at Overdale Wyke, about
5 km northwest of the town of Whitby, Yorkshire.
Although Overdale Wyke is ∼10 km northwest of
Hawsker Bottoms, where the most comprehensive
dataset derives, the lithostratigraphy of the Mulgrave
Shale is remarkably constant along the length of thecoastal exposures of Yorkshire [45], and so comparisons
of specimens collected at different locations can be
made with reasonable confidence.
Our sample was sited midway along a large piece of
jet representing a tree trunk that was at least 9 m in length
when deposited. Observations in thin-section show that
the cell structure is well preserved in three dimensions,
and the interstices filled withmicrocrystalline silica. This
textural evidence indicates that very early silica pre-
cipitation isolated the subfossil wood from the surround-
ing organic-rich mud prior to jetification.
2.2.2. Isotopic results
Two subsamples of ∼1 mm diameter were drilled out
of the centre of the nodule and carbon-isotope data from
the resultant powders are plotted in Fig. 4 against a
stratigraphic log for the section at Hawsker Bottoms,
together with bulk-rock organic isotope data from this and
other nearby localities [9], and data from jet from
Hawsker Bottoms [6]. The key comparison is between
the newdata and the previous analyses of jet samples from
which solvent-extractable hydrocarbons had been re-
moved: the two new samples have carbon-isotope values
that are indistinguishable from their nearest stratigraphic
neighbour. This result confirms that solvent-extracted jet
faithfully records the carbon-isotope composition of the
fossil wood before jetification, and gives further confi-
dence in the interpretation of the negative carbon-isotope
excursion in jet as a reliable record of the isotopic
evolution of the Early Jurassic atmosphere.
3. Discussion
3.1. The wood carbon-isotope curve as a monitor of
atmospheric and shallow oceanic carbon-isotope
composition
Experimental and observational data show that
second to the photosynthetic pathway, the dominant
control on carbon-isotope composition of modern plant
tissues is the carbon-isotope composition of atmospheric
carbon dioxide [53]. Fossil wood is liable to diagenet-
ically induced isotopic change [54,55] but, in the present
study, differential decomposition of different molecular
components of the wood can be ignored because we are
interested principally in the relative changes through a
single stratigraphic section where all of the samples are
likely to have undergone similar diagenetic changes.
The clear parallelism between terrestrial and marine
carbonate carbon-isotope records in the Peniche section,
and the concordance with records elsewhere, demon-
strates beyond reasonable doubt that the negative carbon-
463S.P. Hesselbo et al. / Earth and Planetary Science Letters 253 (2007) 455–470isotope excursion that characterizes the OAE is a global
characteristic of the shallow-ocean/biosphere/atmo-
sphere carbon reservoir. If the marine water mass signal
were only local, the carbon dioxidewithin the well-mixed
atmosphere would not be expected to track precisely
the isotopic composition of the local shallow ocean
carbonate.
3.2. Correlation between Peniche, Yorkshire, and
Bornholm sections and comparison with proxy data
for atmospheric CO2 and sea water temperature
Correlation between the section at Peniche and that in
Yorkshire is important because the latter has yielded
some of the most significant geochemical records of
palaeoenvironmental change. Cyclostratigraphy and
chemostratigraphy of the Yorkshire section have also
formed the basis for recent estimates of the duration of
the OAE [9,10].
Correlation of the Pliensbachian–Toarcian boundary
is relatively straightforward on the basis of ammonites,
and is labelled as level 1 in Figs. 2 and 3. It is yet to be
determined for certain whether the sharply defined
negative excursion immediately above the stage bound-
ary at Peniche is also expressed in other sections, or in
materials other than carbonate, although the data shown
in Figs. 2 and 3 suggest that it is. If such proves to be the
case, this excursion may be a convenient chemostrati-
graphic marker for the base of the Toarcian Stage, and
will also bear on future discussions of the causes of the
Pliensbachian–Toarcian boundary extinctions.
Higher in the section, the new carbon-isotope data
presented here from Peniche exhibit a significant jump
towards lighter values at the polymorphum–levisoni zonal
boundary (level 2 in Fig. 3), which we correlate with the
main step-change in organic carbon-isotope values,
∼60 cm below the base of the exaratum Subzone in
Yorkshire (Figs. 2 and 4). This abrupt shift may potentially
signal a break in sedimentation at both locations.
However, sedimentary or palaeontological evidence for
significant erosion or non-deposition is not observed, and
the same step has been reported from a section in north
Italy [56]. The beginning of the overlying return to heavier
isotopic values immediately above the peak negative
excursion is labelled as level 3, which corresponds to the
most organic-rich part of the section at both locations (in
the case of Peniche, the only truly organic-rich horizon in
the Early Toarcian section, followed by several metres of
laminated mudstone; Fig. 3).
Correlation of the belemnite-rich level at the top of
the Peniche section with the stratigraphy of the
Yorkshire coast is not clear-cut (level 4 in Fig. 3).Previous work on bulk carbonate carbon-isotope data
from other Lusitanian Basin sections shows that, above
the negative excursion, a broad positive excursion
reaches peak δ13C values of ∼4‰ (just above the
mid-point of the levisoni Zone [57]), a feature shared
with the organic carbon-isotope record from the
Mochras Borehole, Wales, which shows the negative
excursion separated by two positive excursions [2,8,27].
The marine organic matter isotope record from York-
shire lacks a clear expression of the upper positive
excursion, but it is possibly represented by the heaviest
reported values that occur at the boundary between the
exaratum and falciferum Subzones (Fig. 1). The steepest
change in strontium-isotope values is also in the upper
couple of metres of the exaratum Subzone in Yorkshire
[27]. Whilst a good case can be made for accelerated
supply of radiogenic Sr to the ocean at this time [8,11], it
may equally be argued that the section in Yorkshire is
stratigraphically condensed or incomplete at this level
[10,27], and thus does not record the positive carbon-
isotope excursion in its fullest development.
In Fig. 5 we have assembled all the available wood
data from the OAE interval from Peniche, Yorkshire and
from Bornholm. The vertical, carbon-isotope scale is
common to all locations. The horizontal scale is
stratigraphic (in metres) and is necessarily different for
each locality; the scales for Yorkshire and for Bornholm
have been adjusted linearly to achieve a best-fit by eye
with the carbon-isotope data for the Peniche section,
whilst at the same time remaining compatible with the
available biostratigraphy. The Yorkshire section is
evidently much condensed relative to that at Peniche.
Also evident is the significant stratigraphic expansion of
the Bornholm section relative to both Peniche (∼ three
fold) and Yorkshire (∼ five fold), and truncation of the
section on Bornholm before the peak of the excursion
has been reached (we have excluded from this plot any
of the Bornholm data that derived from samples of
definite Aalenian age, cf. [6,58]). This wood isotope-
based correlation indicates that low atmospheric carbon
dioxide inferred from stomatal index data from
mesofossil leaves in the Bornholm section [7] corre-
sponds to the first (i.e. upper polymorphum Zone or
upper tenuicostatum Zone) positive excursion, whereas
relatively high levels of atmospheric carbon dioxide
prevailed at and above the abrupt shift to negative values
at base of the falciferum or levisoni zones, compatible
with the interpretation that positive δ13C excursions
mark times of net atmospheric and shallow-ocean
carbon sequestration, and that negative excursions
mark net atmospheric and shallow-ocean carbon gain.
This finding is perfectly conformable (Fig. 3) with the
Fig. 5. Compilation of published wood carbon-isotope compositions relevant to the Early Toarcian OAE compared with data from the present study.
Isotope data from Bornholm (Denmark), and Yorkshire (England) are from [6]. Microfossil and macrofossil data from Bornholm are combined, and
data at the top of the section from definitively Aalenian strata are omitted (cf. [58]). Data from Yorkshire include only those samples from which
solvent-soluble (marine) organic compounds were extracted prior to analysis, together with the new determinations from the silica nodule presented
herein. Relevant biozonal boundaries are also shown (from [58,88,89]). The position of an abrupt change from relatively low atmospheric CO2 to
relatively high values inferred from stomatal index data from the Bornholm section is indicated [7], as is the sea water temperature change inferred
from Mg/Ca ratios and δ18O values in belemnites collected from the Yorkshire section [10,14].
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belemnites from the Yorkshire sections, which indicate
cool sea water temperatures during the pre-OAE
positive δ13C excursion, and warm sea water tempera-
tures during the negative δ13C excursion [10,14].
3.3. Facies changes in the Peniche section related to
global environmental changes
The marked facies changes that are evident globally
at the start of the Toarcian OAE have been a focus for
much research and have been interpreted principally in
terms of raised organic productivity, ocean acidification,
and tectonically or eustatically driven rise in sea level
[1,8,40]. The recently published osmium-isotope dataset
[11], the carbon-isotope evidence presented herein, and
consideration of the environmental changes suggested
for the PETM, prompts evaluation of the sedimentary
record also in terms of increasing sediment supply
driven by an accelerated hydrological cycle.In the case of the Toarcian OAE at Peniche, there is a
remarkable coincidence between the lowest occurrence of
gravity-flow deposits, an abrupt increase in insoluble
residue (i.e. siliciclastic/carbonate sediment ratio), the base
of the negative carbon-isotope excursion and, by correla-
tion with the Yorkshire coast succession, the base of the
Os-isotope excursion. It is also the case that these gravity-
flow deposits disappear from the section at the conclusion
of the negative excursion, again coincident with the end of
the Os-isotope excursion by correlation with Yorkshire.
Previously, the abrupt appearance of gravity-flow
deposits in the Peniche section has been interpreted in
terms of relative sea-level fall and/or uplift of the
sediment source areas [23,59], an interpretation seem-
ingly at odds with that offered for other regions at that
time [60]. Whilst localized sea-level fall or basin margin
uplift remains a possible explanation, increased rate of
erosion and thus sediment supply to the basin deserves
special attention as an alternative explanation. Even
though packages of gravity-flow deposits intercalated
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preted as ‘lowstand fans’ in the standard sequence
stratigraphic model [61], it is widely recognized that the
model is limited by an assumption of constant sediment
supply (e.g., [62]). The Early Toarcian provides a very
good example of a time for which this assumption of
constant siliciclastic sediment supply is highly unlikely
to be correct, given the evident disturbance to major
environmental systems during the OAE.
In other parts of the Lusitanian Basin, away from the
Peniche area, the basal levisoni Zone comprises about
10 m of radiolarian-bearing marls and nodular lime-
stones in centimetre-thick alternations [23]. Macrofauna
are largely absent. Calcarenites occur in variable
quantity through the succession; in the area of Coimbra,
∼130 km NNE of Peniche, these deposits are low-angle
cross-bedded and cross-laminated, suggesting deposi-
tion as distal storm deposits. It is principally on the basis
of these latter observations that the idea of sea-level
lowstand has been extended to the whole basin, but an
alternative explanation may be increased effectiveness
of storm transport concurrent with high CO2 and an
accelerated hydrological cycle (cf. [63]).
We note particularly that a regional or eustatic sea-
level rise acting on low-gradient sediment source areas
(such as those that likely fed most NW European basins)
would have had a profound influence in reducing
sediment supply to the more distal basinal settings; in
contrast, a high-relief horst block would not have
become more distant from the area of sediment
deposition during any sea-level rise, and would
contribute sediment to the adjacent area in proportion
to the intensity of the weathering and erosional
processes acting upon it.
There are many striking similarities between the
sedimentological record of the Toarcian OAE and the
Palaeocene–Eocene Thermal Maximum (PETM)
which, in addition to exhibiting the same geochemical
signatures, is also characterized by transient regional
increases in sediment supply interpreted as the result of
increased rainfall and temperature, leading to accelerat-
ed weathering and erosion (e.g. [64–66]).
3.4. Environmental influences on the δ13C record of
wood through the Early Toarcian
The phenomenon of amplification of carbon-isotope
excursions in terrestrial organic matter – and marine
organic matter – relative to the marine carbonate is a
feature that the Toarcian OAE shares with other
Mesozoic OAEs and with the PETM [20,41,56,65,67–
69]. In the particular case of the Toarcian, the magnitudeof the negative excursion in carbonate is typically
∼ −2‰ to −3.5‰, in marine organic matter ∼ −5‰ to
−6‰, and in wood ∼ −8‰.
The difference in magnitude of change during the
Cretaceous has been interpreted as an effect of changing
carbon dioxide content of the atmosphere at the time the
excursions were generated — high levels of carbon
dioxide leading to lighter organic carbon-isotope values
and low carbon dioxide leading to heavier carbon-isotope
values [41,69,70]. This explanation has the particular
merit of explaining both organic and terrestrial carbon-
isotope curves by the same mechanism and being
consistent with records of carbon burial and its supposed
relation to atmospheric CO2 content. In the case of the
Toarcian this explanation is additionally compatible with
the stomatal indexmeasure of atmospheric carbon dioxide
(Fig. 5). On the other hand, experimental data for modern
terrestrial plants do not clearly show such a relationship to
concentrations of atmospheric carbon dioxide [53,71],
suggesting that other factors may be equally or more
important, although there have been very few experiments
specifically designed to quantify this relationship.
For the amplification of the terrestrial signal (but not the
marine signal), the two most plausible alternative explana-
tions hitherto suggested have been changing water-use
efficiency related to climatic humidity, particularly soil
moisture (e.g. [65]) and recycling of respired carbon
dioxide related to changes in canopy density (e.g. [20]).
These interpretations are supported by a wealth of
observations on modern plant communities, combined
with abundant historical climatic and isotopic data. Most
tree-ring records for the last 200 years show a decline in
δ13C values, albeit one that is dependent on taxon, and is
variable in magnitude [72–74]. The carbon-isotope
composition of individual tree rings, and earlywood and
latewood portions of rings, is commonly strongly correlat-
ed with water availability at the time of growth, with
drought favouring heavy isotopic values and plentifulwater
favouring light isotopic values [74–78]. Some contribution
of recycled carbon dioxide beneath a closed canopy also
leads to lighter carbon-isotope values [79], and a lush dense
forest developed under optimum growth conditions would
be expected to show this effect most strongly.
There exist several lines of evidence for increased
water availability for plants growing in this region at the
time of the negative carbon-isotope excursion in the
Early Toarcian. Facies evidence has been discussed in
Section 3.5 above. The Os-isotope data from the
Mulgrave Shale (Fig. 2) shows a major anomaly towards
radiogenic values that has been interpreted as caused by
a 4–8 fold increase in solute flux to the ocean from
continental weathering during the OAE, something that
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rainfall and raised temperature [11]. The silicified wood
from the Mulgrave Shale in Yorkshire, from near the
peak of the negative excursion, shows only very weakly
developed rings, implying good water availability and
all-year growth; whereas samples from other horizons in
the Early to Middle Jurassic of Yorkshire exhibit
evidence of strongly seasonal, probably winterwet,
climates [80]. Furthermore, the wood genus Xenoxylon,
which occurs prominently in the Schistes Carton and
Posidonienschiefer of NW Europe, deposited during the
Early Toarcian OAE, is inferred to be from a hygrophytic
tree, on the basis of multiple lines of evidence [81].
Thus a good case can bemade to interpret the observed
trend toward strongly negative values in the Toarcian
wood δ13C record partly as a response to increasing water
availability, which amplifies the overarching change in
the carbon-isotope composition of source atmospheric
carbon dioxide. However, the additional influence of
changing atmospheric CO2 on isotopic ratios in marine
and terrestrial organic matter during the excursion
remains uncertain. Additionally, the size of the excursion
in carbonate may be suppressed by effects of dissolution
and ocean acidification (e.g. [65,68]).
3.5. The belemnite record of the Toarcian OAE
The most detailed belemnite record for the OAE is
shown by Van de Schootbrugge et al. [15] for the section
through the Toarcian Posidonienschiefer at Dotternhau-
sen, Germany: these samples derive from a single
location and form a coherent dataset. The carbon-isotope
data from these belemnites clearly display a subdued
negative excursion: i.e., they parallel the carbon-isotope
data for both bulk organic matter and bulk carbonate
([15] their Fig. 1), albeit displaced to more positive
values than seen in coeval carbonates deposited during
the OAE. Thus, the lightest belemnite-isotope values in
the OAE interval occur in the uppermost tenuicostatum
and lowermost falciferum ammonite zones, constituting
a negative excursion peak defined by two samples.
Unlike Dotternhausen, the dataset that van de
Schootbrugge et al. [15] compile from Yorkshire is
more heterogeneous, being derived from several
different studies, carried out on samples from different
localities, whose heights were recorded with varying
degrees of accuracy (particularly problematic in fore-
shore sections), and whose preparation for geochemical
analysis followed slightly different protocols. Thus,
compared to the Dotternhausen data, less reliance can be
placed on the exact stratigraphic positions of individual
samples and resultant stratigraphic trends in carbon-isotope values. The Yorkshire dataset is also character-
ized by rather few samples from strata representing the
peak of the negative excursion; only four samples have
been collected, all from one locality (Port Mulgrave;
from [10,27,38]). From the peak of the excursion in the
lower exaratum Subzone up to the top of that subzone,
the carbon-isotope trend of the belemnites, defined by
about ∼50 samples, shows an exact parallel with bulk-
rock and wood isotope values [[15], their Figure 2].
Thus it appears that the claim that belemnites do not
exhibit the negative excursion is overstated, a point also
made recently [82] in discussion of [9]. The reality is that
it is only the peak of the excursion that is not represented,
and its absence or suppression is inferred only from the
very few belemnites that have been collected from the
lower part of the exaratum Subzone in Yorkshire.
It may be necessary, therefore, to explain why
belemnites do not exhibit strongly negative carbon-
isotope values when materials from all other coeval
geological materials do. As noted above, the belemnites
from Peniche typically have δ13C values 1‰ or more
heavier than the enclosing coccolith-bearing sediments
(Fig. 3). Van de Schootbrugge et al. [15] suggested that
belemnites were spatially separated from the phytoplank-
ton in the northwest European basins and inhabited open
ocean (presumably Tethyan) waters. If one accepts the
isotopic evidence of the terrestrial organic matter, it has to
be concluded that these open ocean waters would also
have imparted light carbon-isotope signatures. However,
a number of alternative possibilities exist: secretion of
belemnite calcite from water masses whose carbon
isotopic composition was locally elevated due to
enhanced organic productivity; seasonal changes in
water mass isotopic composition in relation to timing of
belemnite growth; changing balance of use by belemnites
of bicarbonate versus carbonate ions in concert with CO2-
regulated water mass acidity; or a combination of these
factors (see e.g. [83] for modern Sepia, a distant relation
to belemnites). Some processes do seem to be ruled out by
the data. Previous studies have highlighted the potential of
fresh water input to the Laurasian seaway to affect the
oxygen-isotope composition of belemnite calcite [12] and
the variability of carbon-isotope values within belemnites
from this region has also been noted [27,38]. However,
any freshwater influence on belemnite calcite should have
lowered, rather than raised, the carbon isotopic values
over the interval in question.
4. Conclusions
The occurrence of a major negative excursion close
to the onset of the Early Toarcian (Jurassic) Oceanic
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wood from a relatively organic-poor marine section at
Peniche, Portugal (Lusitanian Basin). The consistent
shape of the excursion in wood, marine organic matter,
and marine carbonate in European sections studied to
date, indicates an isotopic evolution of the global
shallow-ocean/biosphere/atmosphere carbon reservoir
that is consistent with a massive injection of isotopically
light methane. Increased water availability in the
continental environment may have additionally played
a role in influencing carbon-isotope values in the wood,
as may increased CO2 content of the atmosphere. In
contrast to organic matter, the rare belemnite samples
collected from strata in northwest Europe that represent
the OAE show only a suppressed negative excursion,
implying that their isotopic signatures were strongly
influenced by other factors, such as local productivity. A
hitherto unrecognized, sharply defined negative carbon-
isotope excursion occurring in carbonate, and more
weakly in wood, has been recognized immediately
above the ammonite-defined base of the Toarcian. This
isotopic feature may provide a convenient chemostrati-
graphic marker for correlation of the stage boundary,
and suggests a major palaeoceanographic event that has
been poorly documented in European successions.
5. Methods
C-isotope analysis, fossil wood, Portugal. About
1.5 g of fossil wood sample was separated from
adhering matrix under a binocular microscope. Separat-
ed fragments were crushed to a fine powder with an
agate mortar and pestle. About 0.5 g of powder was
placed in a glass test tube and reacted with 10% HCl at
room temperature for 24 h, after which time the solute
was decanted and the HCl treatment repeated for a
further 24 h. Samples whose solute was colourless at the
end of this process were decanted and washed with de-
ionized water repeatedly until neutrality was reached.
Samples whose solute showed a pale yellow coloration
(dissolved iron chloride) were decanted and treated with
10% nitric acid, applied cold, and left for 24 h. The
supernate was pipetted, and distilled water added to the
residue, allowed to settle (24 h), then pipetted again.
Washing was repeated until the supernate indicated a
neutral pH (usually 7 washes).
All washed samples were placed in foil-covered Petri
dishes in an oven at ∼50 °C until dry, at which point
they were visually inspected under a binocular micro-
scope to check for complete removal of pyrite. Between
2 and 4 mg of sample were weighed and placed in tin
capsules along with 1.4 mg of an internal nylonstandard. Samples were analysed using a Carlo–Erba
elemental analyser connected to a PDZ Europa geo-20-
20 stable isotope-ratio mass spectrometer. The measure-
ments were standardized using Nylon 66 (δ13Cnylon=
−26.16±0.21‰), and expressed as per mil (‰)
deviation from the Pee Dee Belemnite (PDB) standard.
All results are accurate to better than ±0.2‰.
C-isotope analysis, wood fossils, Yorkshire. A sawn
section of silicified wood was drilled using a rotary drill
with tungsten carbide bit of ∼1 mm diameter. Drilled
powder was treated with 10% HCl at room temperature
overnight and then oven-dried. Further treatment was
identical to that employed for the wood from Peniche.
C-isotope analyses, bulk carbonate, Peniche. Sam-
ples were collected in the field with a battery-powered
hand-operated drill, using an 8 mm diameter masonry
drill bit. Powder was collected in the field using plastic
bags held under the drill bit. Samples were analysed
isotopically for δ13C (and δ18O) using a VG Isogas
Prism II mass spectrometer with an on-line VG Isocarb
common acid-bath preparation system. Samples were
first cleaned using hydrogen peroxide (H2O2) and
acetone ((CH3)2CO) and dried at 60 °C for at least
30 min. In the instrument they were reacted with
purified phosphoric acid (H3PO4) at 90 °C. Calibration
to PDB standard via NBS-19 is made daily using the
Oxford in-house (NOCZ) Carrara marble standard.
Reproducibility of replicated standards is usually better
than 0.1‰ for δ13C and δ18O.
C-isotope analyses, belemnites, Peniche. All sedi-
ment adhering to external surfaces of belemnite was
removed and the samples fragmented to b5 mm,
submerged 0.6 M HCl within clean beakers, and placed
in an ultrasonic bath for ∼10 min. Samples were then
rinsed with water, dried and further broken into b2 mm
sized fragments, when they were etched with 0.3 M HCl
for ∼10 min with the reaction sustained by drop-wise
addition of 6 M HCl. Samples were then rinsed with
water and dried, and powder obtained from clean
surfaces by scratching with a dental tool. Isotope analy-
sis of these samples proceeded as for bulk carbonate as
described above.
Total Organic Carbon and Insoluble Residue, Peniche.
About 0.25 g of whole-rock sample was pulverized in an
agate mortar and pestle to obtain particles smaller than
80 mesh. The Insoluble Residue was obtained by the
sample de-carbonation, through the heated reaction with
HCl during, approximately, 1 h. The TOC values were
determined by submitting the Insoluble Residue to the
LECO-SC444 equipment in the Petrobras Research
Center (Cenpes, Brazil) laboratories. The results of TOC
were expressed as a percentage (%), with respect to the
468 S.P. Hesselbo et al. / Earth and Planetary Science Letters 253 (2007) 455–470original sample mass. The calibration was made with
standard samples after every ten analyses.
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